Staphylococcus aureus cause infections by producing toxins, a process regulated by cell-cell communication (quorum sensing) through the histidine-phosphorylation of the target of RNAIII activating protein (TRAP). We show here that TRAP is highly conserved in staphylococci and contains three completely conserved histidine residues (H66, H79, H154), which are phosphorylated and essential for its activity. This was tested by constructing a TRAP -strain with each of the conserved histidine residues changed to alanine by site-directed mutagenesis. All mutants were tested for pathogenesis in vitro (expression of RNAIII and hemolytic activity) and in vivo (murine cellulitis model). Results show that RNAIII is not expressed in the TRAP -strain, that it is non hemolytic, and that it does not cause disease in vivo. These pathogenic phenotypes could be rescued in the strain containing the recovered traP, confirming the importance of TRAP in S. aureus pathogenesis. The phosphorylation of TRAP mutated in any of the conserved histidine residues was significantly reduced, and mutants defective in any one of these residues were non pathogenic in vitro or in vivo, while those mutated in a non conserved Histidine residue (H124) were as pathogenic as the wild type. These results confirm the importance of the three conserved histidine residues in TRAP's activity. The phosphorylation pattern, structure and gene organization of TRAP deviates from signaling molecules known to date, suggesting that TRAP belongs to a novel class of signal transducers.
INTRODUCTION
Staphylococcus aureus are Gram positive bacteria that are part of the normal flora but can become pathogenic and causes disease in humans and animals once they produce toxic exomolecules (1) . S. aureus pathogenesis is regulated by quorum sensing mechanisms (2, 3, 4) , where molecules (autoinducers) produced and secreted by the bacteria accumulate as a function of cell density. Once the autoinducers reach threshold concentration, they activate signal transduction pathways, leading to the expression of genes that code for virulence factors (1) .
To date, two quorum-sensing systems have been described in S. aureus (5) , which will be referred herein as SQS 1 and SQS 2. SQS 1 consists of the autoinducer RNAIII-Activating Protein (RAP) and its target molecule TRAP (5, 6) . RAP is a 277-amino acid protein that is orthologous to the ribosomal protein L2, and is specifically secreted by S. aureus (7) . TRAP is a 167-amino acid protein that is constitutively expressed but is histidine phosphorylated in a RAP-dependent manner (5) , and is thus suggested to act as the sensor of RAP. SQS 2 consists of the products of the accessory gene regulatory system agr. The chromosomal 4 regulatory RNA molecule to activate various toxin genes and also encodes for delta-hemolysin (15, 16, 17) .
The components of SQS1 and SQS2 interact with one another and the following scenario is thus emerging (5) . As the cells multiply and the colony grows, the cells secrete RAP. When RAP reaches a threshold concentration, it induces the histidine phosphorylation of its target molecule TRAP, reaching peak phosphorylation at the mid-exponential phase of growth. The phosphorylation of TRAP leads, by a yet unknown mechanism, to activation of the agr and the production of RNAII (in the mid-exponential phase of growth) (5) . AIP induces the phosphorylation of AgrC (13) , leading to the synthesis of RNAIII, which leads to the production of numerous secreted toxins (15) . AIP also indirectly down regulates the phosphorylation of TRAP (5). TRAP is hypothesized, then, to be available for interacting with another RAP molecule, leading to a sustainable activation of agr and to the production of toxins (18) .
TRAP was first discovered as a quorum sensing transducer of S. aureus (5) and was then suggested to be a more global responder to stress, as it was over-expressed in cells exposed to antibiotic treatment (19) . Like typical sensors of classical two component systems (4) , TRAP is histidine phosphorylated in the presence of RAP (5) and immunoelectron microscopy studies indicate that it is membrane associated (Balaban, unpublished) . In addition, the C terminal part of TRAP was used as a vaccine to protect from an infection (Yang, personal communication), suggesting that parts of the molecule may be extracellular. However, unlike classical sensors, TRAP does not contain a kinase or a transmembrane domain (5) . It is therefore suggested that TRAP is a non-classical signal transducer and may be bound to the membrane through other proteins.
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The phosphorylation of TRAP has been suspected to be essential for S. aureus pathogenesis because in the presence of RIP, which is a linear heptapeptide that competes with RAP and inhibits TRAP phosphorylation, infections caused by staphylococci were prevented (5, 6, (20) (21) (22) (23) (24) (25) (26) . Using mutagenesis and complementation studies we show here that TRAP is essential for S. aureus pathogenesis. Using site directed mutagenesis studies we show here that the three conserved histidine residues are important for TRAP's activity.
RESULTS

TRAP is unique to staphylococci but is conserved among strains and species
The traP gene in various clinical isolates of S. aureus and S. epidermidis was amplified by PCR, and its sequence determined. Multiple sequence alignment of traP from multiple strains of both species indicates that the traP gene sequence is highly conserved. However, individual traP nucleotide and deduced amino acid sequences can be divided into subgroups (Fig. 1A, B ). Our analysis of nucleotide sequences of the strains in the present study are consistent with those of Gilot et al. (34) , who previously grouped mastitis agents into four major groups based on MseI restriction fragment length polymorphisms (RFLP). These authors reported a grouping designated as type I, which includes NCTC 8325, COL (33), Mu50 (VRSA) and N315 (MRSA) (31) . Type II and Type 6 sequence of the traP coding region, we determined that the complete set of S. aureus isolates represent two major groups, and that most of the previously reported MseI RFLP is attributable to nucleotide substitutions within these major types. The phylogenetic tree generated from these sequences (Fig. 1B) shows clearly that the divergence between the two major groupings is nearly half that of the divergence between S. aureus and S. epidermidis.
Translation of all known traP nucleotide sequences of S. aureus and S. epidermidis indicates that the encoded protein contains three conserved histidine residues (His66, His79, His154) which are indicated in bold (Fig. 1A) .
Gene region maps were designed on the basis of complete genome sequences of S. aureus Mu50 and S. epidermidis ATCC 12228 obtained from the GenBank and they were verified using corresponding public genome project databases. As shown in Fig. 1C , both in S. aureus and in S. epidermidis traP is located between flanking hemE and ecsB genes encoding uroporphyrinogen decarboxylase and EcsB like ABC transporter, respectively. It is interesting, that in certain gram-positive bacteria, such as B. anthracis, B. subtilis, Listeria species and some others, hemE and ecsB genes flank a putative gene, yhgC, whose deduced amino acid sequence resembles that of TRAP (46) .
Construction of TRAP mutant and recovery of the gene
To test if the expression of TRAP is important for S. aureus pathogenesis, the traP gene was disrupted by insertion of a kanamycin resistance cassette to the unique EcoRI site present in the gene (Fig. 2) . Mutant gene was introduced into wild type S. aureus 8325-4 by transduction. Resulting mutant strain (TRAP -) contained the mutant gene only, as confirmed by PCR (Fig. 3) , which was 7 carried out using primers designed to PCR-amplify the intact gene encoding for TRAP, including its promoter region and termination site. PCR amplification resulted in an 888bp intact fragment or in a 2240 bp fragment which included the kanamycin resistance cassette. Northern blot analysis was used to confirm that the gene is disrupted and that the 3' end of the gene encoding for the three conserved histidines is indeed not expressed (using 100 last nucleotides as a probe) (not shown). To restore the traP gene, the 888 bp fragment carrying the intact traP was cloned into pAUL-A shuttle vector and then was transduced into TRAP -mutant strain. The presence of the intact traP in the restored strain (NB8) was confirmed by PCR and sequencing (Fig. 3 ).
Site directed mutagenesis
TRAP has been shown to be histidine-phosphorylated (5), and phosphorylation has been demonstrated to be important for its activity (23) (24) (25) (26) . All known TRAP protein sequences in S.
aureus and S. epidermidis have three conserved histidine residues (His66, His79 and His154) (Fig.   1A ). It thus seemed reasonable to assume that it is one of these residues that are necessary for TRAP's activity. To test for this hypothesis, single mutants were constructed where an in-frame mutation was introduced into the gene, resulting in the exchange of each of the conserved histidine residues with alanine (H66A, H79A, H154A). His124, which is not conserved, was also mutated to alanine (H124A) and was used as a control. The parent and mutant strains were tested for TRAP in vivo phosphorylation. As shown in Fig. 4A , phosphorylation of the TRAP -mutant was significantly reduced as compared to NB8 containing the recovered intact traP gene. Similarly, the phosphorylation of TRAP mutated in any one of the three conserved histidines (H66A, H79A and H154A) was reduced, while the phosphorylation of TRAP mutated in the non-conserved His124
by guest on October 13, 2017 http://www.jbc.org/ Downloaded from 8 (H124A) remained intact and was high (Fig. 4B) . These results indicate that each of the conserved histidine residues is important for TRAP phosphorylation.
TRAP is important for S. aureus pathogenesis in vitro
To test for pathogenesis in vitro, the cells were tested for RNAIII synthesis (as a marker for virulence) and for the production of hemolysins, which are toxins known to be regulated by RNAIII.
Cells were grown from the early to the post exponential phase of growth. At time intervals cell density was determined and cell samples from each growth phase were collected, Northern blotted, and the presence of RNAIII was detected using RNAIII-specific radiolabeled DNA. As shown in Fig. 5A , no difference in cell growth was observed between TRAP + and TRAP -strains, suggesting that TRAP is not essential for bacterial growth in vitro. However, the synthesis of RNAIII in the TRAP-strain was abolished as compared to the parent strain where RNAIII was produced from the mid-exponential phase of growth (Fig. 5B,C) , or in strain NB8 containing the recovered TRAP gene (Fig. 5C ). This confirmed that TRAP is an important factor in the induction of RNAIII synthesis.
The synthesis of RNAIII was abolished in all conserved TRAP His mutants (H66A, H79A and H154A) but was high when the non conserved His124 was mutated (H124A) (Fig. 5C ), suggesting that each of the three conserved histidine residues are important for the activity of TRAP.
RNAIII is known to upregulate the production of many of the toxins produced by S. aureus, some of which are hemolysins (1, 18) . To test for their production, the TRAP + and TRAP -strains were grown on sheep blood agar plates. As shown in Fig. 6 , the TRAP -strain was non hemolytic as compared to the parent strain or NB8 strain containing the recovered traP gene, confirming that TRAP is an important factor in toxin production. Like the TRAP -strain, strains containing a mutation in any of the conserved histidine residues (H66A, H79A and H154A) were non hemolytic, while the strain containing a mutation in the non conserved His124 residue was hemolytic, confirming that the three conserved histidine residues are important for TRAP's activity.
TRAP is important for S. aureus pathogenesis in vivo
To test the importance of TRAP in S. aureus pathogenesis in vivo, the TRAP + and TRAP -strains were tested in the murine cellulitis model. In this model, bacteria were injected subcutaneously into mice and animals followed for mortality and development of lesion ( The difference between pathogenesis caused by H124A to that of H66A, H79A and H154A was significant (p<0.029), suggesting that the three conserved histidine residues are important for TRAP's activity in vivo. Our results confirm that the expression or phosphorylation of TRAP is important for S. aureus pathogenesis and confirm the importance of the three conserved histidine residues for its activity. While we do not know the reason why subtypes exist, it did allow us to predict that the three conserved histidines are the ones that are phosphorylated and important for the activity of TRAP.
The fact that TRAP is unique to staphylococci and is highly conserved among strains and species (tested for S. aureus and S. epidermidis) suggests that TRAP may be important for all staphylococci.
In support of our hypothesis, is the fact that all strains so far examined contain the traP gene, and TRAP in all strains or species so far tested is phosphorylated (e.g. 26) . Interestingly, of all the clinical S. aureus isolates examined, only one (nare-isolate 12) has traP that slightly deviates from traP in other strains because it contains a copy of IS1811 (GenBank accession number AJ489447) (32) . The latter, however, is located right before the stop codon (TRAP+GSSSFMVGR) and does not disrupt the normal function of the protein. This further suggests that an intact protein is apparently necessary for the survival of the bacteria. Moreover, immediately upstream of the hemEHY gene cluster flanking the traP gene there is a ''hot spot' genomic area where integration of the pathogenicity island Genomic island nu Sa beta2 was observed in Mu50 and N315 (31) . This fact additionally supports an essentiality of the "traP region" which is kept intact during even global genomic rearrangements.
We have shown that each of the three conserved histidine residues contributes to TRAP phosphorylation because when each was mutated, the phosphorylation of TRAP was reduced but not abolished. Conformational changes may occur due to the first phosphorylation reaction, making the other two histidine residues available for phosphorylation. This will be better understood once the three dimensional structure of TRAP is determined. In addition, the fact that mutating one of the three histidines leads to diminished phosphorylation of the other two histidines suggests that the phopshorylation is a cooperative event, where phosphorylation of the first histidine facilitates phopshorylation of the remaining histidines. Such a mechanism is reminiscent of the cooperative binding of oxygen to the hemoglobin tetramer and intramolecular phosphate transfer in phosphorelay systems.
The role of these histidine residues is not yet understood and TRAP seems to deviate from other known signal transducers and may thus represent a novel class of signal transducers. Quorum sensing in bacteria typically involves phosphorylation in a two-component system. The classical two-component system is composed of two proteins, the sensor kinase that is histidinephosphorylated, and the effector protein, which is aspartic-acid phosphorylated. The sensor typically contains a transmembrane as well a kinase domain. Like typical sensors, TRAP is histidine phosphorylated and immunoelectron microscopy studies indicate that it is membrane associated (not shown). However, TRAP lacks both a kinase domain and a predicted transmembrane region. This suggests that TRAP may be associated with the membrane by anchoring of hydrophobic surface residues or by binding to an integral membrane protein. In this way TRAP may resemble sensors in phosphorelay systems where two-component systems are integrated into complex regulatory networks (39, 40) . In such systems the phosphoryl group is transferred from the histidine residue of the sensor (His 1) to an aspartate residue of a response regulator (Asp 1). Subsequently, the phosphoryl group is transferred from Asp 1 to a second His residue (His 2); finally, transfer from His 12 lacks a signal input domain and ATP-binding subdomain characteristic of histidine kinases, but is histidine phosphorylated (36) . However, this protein and others known to-date contain only one histidine that is phosphorylated as opposed to TRAP that contains three phosphorylated histidines.
Some two-component sensor proteins, like ArcB, BvgS, EvgS and TorS, do have three phosphorylation sites but only two of these are on histidine residues (His 1-Asp 1-His 2) (37).
Multiple phosphorylation sites are also found in other signaling molecules like BglF (35, 42) and SacY (41) , which belong to the phosphoenolpyruvate-dependent phosphotransferase systems.
However, in both only two histidine residues are phosphorylated and e.g. in SacY, only one of the histidine residues is important for the molecule's activity in vivo, while all three-conserved histidine residues are important for TRAP's activity in vitro and in vivo. 
MATERIALS AND METHODS
Bacteria
Construction of TRAP disrupted mutant (TRAP -)
Two oligonucleotide primers P1 (upstream-5'GGATCCGACGCTAATGTAAATGGTG3') and P2 Resulting plasmid (pAUL-A::traP (pYG14) was used to transform (by electroporation) E. coli V2F1.
Cells were selected on LB agar plates containing 300µg/ml erythromycin. Plasmid was isolated from positive clones and used to subclone (by electroporation) E. coli NS 2626 Dam -strain and positive clones selected on LB agar plates with 300µg/ml erythromycin and 25µg/ml chloramphenicol. The plasmid was isolated from positive clones and used to transform S. aureus RN4220 cells and transformants were selected on tryptic soy agar plates containing 10µg/ml erythromycin, at 30 o C.
Positive clone (RN4220 containing pYG14 (NB6)) was selected, plasmid isolated, and the presence of pYG14 was confirmed by PCR (using forward M13 primer and reverse 3' TRAP primer)
followed by DNA sequencing. For transduction, phage φ11 was used to produce a phage lysate of strain NB6. The lysate was then used to infect the recipient strain S. aureus TRAP -and infected cells were selected by growing them for 24-48 hr at 37 o C with 10µg/ml Ery and 100µg/ml Kan. Colonies that grew were tested for the presence pYG14 by PCR (using forward and reverse traP primers) and positive clone (NB8) was grown on sheep blood agar plate and tested positively for hemolytic activity.
Site directed mutagenesis studies
In-frame mutations of residues His66, His79, His154 and His 124 were introduced within the traPcoding region, where plasmid pYG14 (pAUL-A::traP) was used as a template for mutagenesis. Two complimentary oligonucleotide pairs were designed for each mutagenesis (primers 3 & 4 for His66, primers 5 & 6 for His79, primers 7 & 8 for His154 and primers 9,10 for His124 (Table 1) . Primers 1 and 2 were used to amplify the whole gene containing the mutation (Table 1) . To introduce a mutation for example in His66 and replace it with Ala (H66A), two PCR reactions were carried out, using the 1+4 and 2+3 primers and the S. aureus 8325-4 DNA as a template. The PCR products were purified (Roche Molecular Biochemicals kit), treated with Klenow to remove a hanging A nucleotide, and DNA fragments containing the mutations were then gel purified. Purified PCR products were mixed and used as templates to amplify the whole gene containing the mutation, using external primers 1 +2. The PCR product ("whole traP" containing Ala66 instead of His66) was digested and cloned into the BamHI/HindIII sites of pAUL-A. Resulting plasmid (whole Ala66 traP::pAUL-A (pYG7)) was used to transform (by electroporation) E. coli V2F1. Cells were selected on LB agar plates containing 300µg/ml Erythromycin. Plasmid was isolated from positive clones.
The in-frame mutation within traP in pAUL-A was confirmed by DNA sequencing, and plasmid was selected, plasmid isolated, and the presence of the mutation was confirmed by PCR (using forward M13 primer and reverse 3' TRAP primer) followed by DNA sequencing. For transduction, phage φ11 was used to produce a phage lysate of strain YG4. The lysate was then used to infect the recipient strain S. aureus TRAP -and infected cells were selected by growing them for 24-48 hr at 37 o C with 10µg/ml Ery and 100µg/ml Kan. Colonies were tested for the presence of traP by PCR and positive clone sequenced to ensure the presence of the mutation.
In vivo phosphorylation
Cells (5ml) were grown to the early exponential phase of growth, collected by centrifugation and resuspended in 0.9 ml of low phosphate buffer (20 mM KCl, 80 mM NaCl, 20 mM NH 4 Cl, 0.14 mM EDTA, 20% sucrose) and incubated for 10 minutes at room temperature. 20µl of 2% SDS containing Proteinase K (100 µg/ml) was added and vigorously vortexed for 1 minute followed by 10min
incubation at room temperature. The sample was frozen and thawed twice. 15µl RNA sample (1 x10 8 cells) was mixed with 11% deionized glyoxal, 16mM phosphate buffer pH 7.0 and 55% DMSO (final concentrations) and incubated for 1hr at 65 o C. RNA loading buffer (Ambion) was added and sample and applied to a 1% agarose gel in 10mM phosphate buffer pH 7.0 supplemented with 5mM Iodoacetic acid (Sigma-Aldrich). Gel was Northern blotted by dry transfer. Membrane was prehybridized using rapid-hyb (Amersham Pharmacia Biotech) followed by hybridization with PCR radiolabeled RNAIII specific DNA (amplified by PCR using the forward primer 5'-ATGATCACAGAGATGTGA-3' and reverse primer 5'-CTGAGTCCTAGGAAACTAACT-3'), using S. aureus RN6390B chromosomal DNA as a template. Membranes were autoradiographed.
To test for RNAIII in all mutant strains, cells were grown from the early exponential phase of growth for several hours (to OD 600 =3.0) and analyzed for RNAIII as above.
Cellulitis mouse model
Bacteria were grown overnight at 37 o C on agar (TSA) plates and collected into sterile saline.
Bacteria (1x10 9 CFU in 100µl saline) were injected subcutaneously together with 1mg sterile 20 cytodex beads (Sigma) into 7 weeks old immunocompetent hairless mice ((Crl:SKH1-hrBR Charles River Laboratories, MA) (n=8). Animals were observed daily for mortality, overall health and development of lesion. The size of the lesion was measured several days post challenge (area=0.5
[π(length) (width)]).
Statistical analysis
Statistical analysis was performed using Student's t-Test by Microsoft Excel (Microsoft, WA).
Significance was accepted when the P value was ≤ 0.05.
ACKNOWLEDGMENTS
We thank Dr. Gilot for providing us the clinical mastitis isolate type 4. This study was supported by a grant in aid from the American Heart Association Western States Affiliate, by a grant in aid and a post doctoral fellowship from the American Heart Association Midwest Affiliate, and by grant AI43970 from the National Institutes of Health. coding nucleotide sequence (~500 bp). Distances between groups were derived using the Tamura-Nei method (48), and the dendrogram was created using the Neighbor-joining algorithm (49) . In this analysis, the three strains S. epidermidis were used for outgroup comparison among the S. aureus strains. Branch lengths are drawn proportional to the degree of molecular divergence between the terminal taxa. Indicated strain "type" follows the convention of Gilot et al. (34) . **************:*******:*:*****::*:*******: :******: *:****** TRAP_8325-4  MKKLYTSYGTYGFLHQIKINNPTHQLFQFSASDTSVIFEETDGETVLKSPSIYEVIKEIG  TRAP_MRSA252  MKKLYTSYGTYGFLNQIKINNPSHHLFQFSTADSSVIFEETEENTVLKSPSIYEVIKEIG  TRAP_MW2  MKKLYTSYGTYGFLHQIKINNPTHQLFQFSASDTSVIFEETDGETVLKSPTKYDVIKEIG  TRAP mastitis MKKLYTSYGTYGFLNQIKINNPSHHLFQFSTADSSVIFEETEENTVLKSPSIYEVIKEIG  TRAP_#15  MKKLYTSYGTYGFLNQIKINNPSHHLFQFSTADSSVIFEETEENTVLKSPSIYEVIKEIG  TRAP_#12  MKKLYTSYGTYGFLNQIKINNPSHHLFQFSTADSSVIFEETEEKTVLKSPSIYEVIKEIG  SE_RP62A MY-LYTSYGTYQFLNQIKLNHQERSLFQFSTNDSSIILEESEGKSILKHPSSYQVIDSTG * ******** **:***:*: : *****: *:*:*:**:: :::** *: *:**.. * 66 79 *.*.**************.********:*****:*************.*********** TRAP_8325- 4  EFSEHHFYCAIFIPSTEDHAYQLEKKLISVDDNFRNFGGFKSYRLLRPAKGTTYKIYFGF  TRAP_MRSA252  AFNEDHFYCAIFIPSTEDHVYQLEKKLISVDDNFKNFGGFKSYRLLRPVKGTTYKIYFGF  TRAP_MW2  EFSEHHFYCAIFIPSTEDHAYQLEKKLISVDDNFRNFGGFKSYRLLRPAKGTTYKIYFGF  TRAP mastitis AFNEDHFYCAIFIPSTEDHVYQLEKKLISVDDNFKNFGGFKSYRLLRPVKGTTYKIYFGF  TRAP_#15  AFNEDHFYCAIFIPSTEDHVYQLEKKLISVDDNFKNFGGFKSYRLLRPVKGTTYKIYFGF  TRAP_#12  AFNEDHFYCAIFIPSTEDHVYQLEKKLISVDDNFKNFGGFKSYRLLRPVKGTTYKIYFGF  SE_RP62A EFNEHHFYSAIFVPTSEDHRQQLEKKLLHVDVPLSNFGGFKSYRLLKPTEGSTYKIYFGF *.*.***.***:*::*** ******: ** : ***********:*.:*:******** 124 154 ***::*****:****:*****:************************* TRAP_8325-4 ADRHAYEDFKQSDAFNDHFSKDALSHYFGSSGQHSSYFERYLYPIKE---------TRAP_MRSA252 ADRQTYEDFKNSDAFKDHFSKEALSHYFGSSGQHSSYFERYLYPIKE---------TRAP_MW2 ADRHAYEDFKQSDAFNDHFSKDALSHYFGSSGQHSSYFERYLYPIKE---------TRAP mastitis ADRQTYEDFKNSDAFKDHFSKEALSHYFGSSGQHSSYFERYLYPIKE------- --TRAP_#15  ADRQTYEDFKNSDAFKDHFSKEALSHYFGSSGQHSSYFERYLYPIKE---------TRAP_#12  ADRQTYEDFKNSDAFKDHFSKEALSHYFGSSGQHSSYFERYLYPIKEGSSSFMVGR  SE_RP62A ANRTAYEDFKASDIFNENFSKDALSQYFGASGQHSSYFERYLYPIEDH--------*:* :***** ** *:::***:***:***:***************::
ABBREVIATIONS
RNAIII-Activating Protein RAP
by guest on October 13, 2017 
